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NASA TT F-10,640 

ON A FAMILY OF MINIMUM-DRAG BODIES 

V. M. Borisov (Moscow) 

ABSTRACT 

The au thor  i n v e s t i g a t e s  two v a r i a t i o n a l  problems of 
supersonic  gasdynamics on t h e  determinat ion o f  t h e  shape 
of  minimum-drag axisymmetric bodies .  
such a conf igura t ion  c o n s i s t s  o f  a g e n e r a t r i x  pas s ing  through 
t h r e e  f i x e d  po in t s .  I n  t h e  second problem, two g e n e r a t r i c e s  
pas s  through two p a i r s  of f i xed  p o i n t s  (channel  f low) .  The 
a n a l y s i s  i s  founded on t h e  exact gasdynamic equat ions .  The 
flow equat ions a r e  viewed as cobonds which account f o r  t h e  
i n t r o d u c t i o n  of  t h e  Lagrangian m u l t i p l i e r s .  Such a d i r e c t  
method o f  formulat ion o f  v a r i a t i o n a l  problems i n  gasdynamics 
w a s  f i r s t  proposed by Guderley, Armitage , and S i r aze td inov .  

I n  t h e  f irst  problem, 

1. L e t  u ,  v be  t h e  x ,  y v e l o c i t y  components. The steady i s e n t r o p i c  /1028* 
flows o f  a nonviscous non-heat-conducting gas wi th  a r b i t r a r y  thermodynamic 
p r o p e r t i e s  i s  descr ibed  by two equations i n  p a r t i a l  d e r i v a t i v e s  ( t h e  pro- 
j e c t e d  v o r t e x  and t h e  d i s c o n t i n u i t y  equat ion)  : 

Here v = 0 and 1, r e s p e c t i v e l y ,  i n  t h e  p lane  and axisymmetric cases .  The 
d e n s i t y  p ,  t h e  p re s su re  p ,  t h e  speed of sound a ,  and t h e  Mach angle  a, a r e  
w e l l  known func t ions  of  t h e  v e l o c i t y  modulus. Furthermore, 

3- - a  2dP -=- udu - vdv, sing a = u2 1 (uz + v'). 
P p -  

I 

L e t  t h e  p a r m e t e r s  of t h e  i n i t i a l  i s e n t r o p i c ,  supersonic  flow be 
p resc r ibed  (F igu re  1) by t h e  curve of  the  f i r s t  family ae, an,d t h e  shape of 
t h e  ._ _ _  E r o f i l e s  ab and bc i s  g iven ,  r e spec t ive ly ,  by equat ions  z = i,-(y) . and 
.z = Tis (#I. 
fiend; , 

The g e n e r a t r i c e s  ab and bc  should be t h e  stream l i n e s .  

"Numbers i n  t h e  margin i n d i c a t e  t h e  paginat ion i n  t h e  o r i g i n a l  f o r e i g n  text .  
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The coord ina tes  of  t h e  p o i n t s  a ,  b y  and c a r e  considered as f ixed .  The 
f u n c t i o n a l ,  c o r r e c t  t o  t h e  constant  f a c t o r  which expresses  t h e  drag of t h e  
conf igu ra t ion  a c ,  i s  w r i t t e n  as 

I n  F igure  1 t h e  reg ions  aelea and bflfb r ep resen t  t h e  r a r e f a c t i o n  f low,  
obta ined  dur ing  t h e  flow around t h e  convex angles  i n  t h e  p o i n t s  a and b .  I n  
t h e  r eg ions  abfela and b c f l b  s teady  supersonic  flow i s  obta ined .  
r e p r e s e n t s  t h e  curve t o  t h e  poin t  b .  It i s  assumed t h a t  w i th in  t h e  pe rmis s ib l e  
v a r i a t i o n  o f  t h e  w a l l s  ab and b c ,  t h e  f l o w  mode i n  t h e  c h a r a c t e r i s t i c  t r i a n g l e  
ace ( t h e  reg ion  under t h e  in f luence  o f  t he  conf igu ra t ion  a c )  remains such as 
it i s  r ep resen ted  i n  Figure 1. 

The l i n e  hb / lo29 

Figure 1 
L e t  us  formulate t h e  following v a r i a t i o n a l  problem: i n  t h e  i n i t i a l  f low 

p r e s c r i b e d  by t h e  curve ae de f ine  the gene ra t r i ce s  ab and b c ,  pass ing  through 
t h e  p r e s c r i b e d  p o i n t s  a ,  b y  and c and r e a l i z i n g  t h e  extremum of  t h e  f u n c t i o n a l  
( 1 . 4 )  w i th  t h e  d i f f e r e n t i a l  bonds (1.3) on ab and bc and t h e  d i f f e r e n t i a l  
bonds (l.l), (1 .2 )  i n  t h e  reg ion  ace.  

L e t  u s  des igna te  t h e  flow region hbceh by T ~ ,  and t h e  reg ion  abha by T ~ .  
I n  view of t h e  f a c t  t h a t  t h e  Equations (1.1) employed are hyperbol ic ,  t h e  
v a r i a t i o n  of t h e  flow parameters i n  t h e  region -r2 a f f e c t s  t h e  p re s su re  d i s t r i -  
bu t ion  only  along t h e  w a l l  b c ,  t h e r e f o r e  t h e  d i f f e r e n t i a l  bonds (1.1) i n  t h e  
r eg ion  -c2 w i l l  be considered by means of t h e  f a c t o r s  h l  (x, y )  , h22(xY y )  , and 
i n  t h e  r eg ion  T by means o f  t h e  f a c t o r s  hll(x, y )  , h21 P x, y )  . L e t  t h e  f a c t o r s  
c l (y)  , c 2 ( y )  , r e s p e c t i v e l y ,  account for t h e  bonds (1 .3)  : 1 

L e t  us compose t h e  functi.ona1: 
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I n  t h e  permiss ib le  v a r i a t i o n ,  t h e  va r i a t ions  T and To agree  i n  view of 
Equations (1.1) - (1 .3) .  
q l ( y ) ,  and q2(y)  so  t h a t  t h e  f u n c t i o n a l  To a t t a i n s  an extrema1 va lue .  
imd p are func t ions  o f  u and v ,  and, according t o  Formula ( 1 . 2 )  

L e t  us  determine t h e  func t ions  u ( x ,  y ) ,  v ( x ,  y ) ,  
Here p 

.L 

6 p  = - pudu - pvdv, i3p = - q. B i U L  6v. a >  

The v a r i a t i o n s  of double i n t e g r a l s  coupled by t h e  changes i n  t h e  boundaries 
i n  t h e  reg ions  - r i  ( i  = 1 and 2 ) ,  are absent due t o  t h e  e q u a l i t y  t o  zero of  
t h e  in tegrands .  S ince  t h e  p o i n t s  a ,  b y  and c are f i x e d ,  t hen  t h e  v a r i a t i o n s  
of t h e  i n t e g r a l s  a long ab and b c ,  re la ted t o  t h e  changes i n  t h e  coord ina tes  
i n  t h e  p o i n t s  a ,  b y  and c y  a r e  a l s o  absent. The d e r i v a t i v e s  o f  t h e  v a r i a t i o n s  
of t h e  func t ions  are excluded i n  t h e  double i n t e g r a l s  by means of  t h e  formulas 
of  i n t e g r a t i o n  by p a r t s  and Green's.  

Taking t h e  above i n t o  account , a d  u t i l i z i n g  Equations (1.1) - (1.3) , w e  /lo30 
f i n d  

The f a c t o r s  w i th  t h e  v a r i a t i o n s  of  u ,  v ,  01, and q2 a r e  t h e  w e l l  known 
func t ions  of  flow parameters  and Lagrangian m u l t i p l i e r s .  The i n t e g r a l  along 
t h e  p re sc r ibed  curve ae vanishes ,  s i n c e  on it 6u = 6v = 0. Let us determine 
t h e  Lagrangian m u l t i p l i e r  , convert ing 6To t o  zero.  
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Equating t h e  c o e f f i c i e n t s  w i th  6ql and 6q2 t o  z e r o ,  w e  have 

where X1 and X2 a r e  a r b i t r a r y  cons t an t s  o f  i n t e g r a t i o n .  

Equating t o  zero t h e  c o e f f i c i e n t s  i n  t h e  i n t e g r a l s  a l m g  t h e  g e n e r a t r i c e s  
wi th  6u and 6v, and t a k i n g  i n t o  account t h e  above formulas ,  w e  have 

Equating t o  zero  t h e  c o e f f i c i e n t s  with 6u and 6v i n  t h e  i n t e g r a l s  a long 
t h e  curves of  t h e  second family ec  and hb, w e  o b t a i n ,  af ter  simple transforma- 
t ions  , 

I n  s a t i s f y i n g  t h e  condi t ions  (1 .5 )  - ( ~ 8 ) ~  t h e  f i r s t  v a r i a t i o n  of  t h e  
f u n c t i o n a l  ( 1 . 4 )  becomes zero.  

L e t  us  perform an a n a l y s i s  of t h e  obtained equat ions and boundary condi- 
t i o n s  f o r  t h e  determinat ion of t h e  funct ions h l i ( x ,  y )  , h 2 i ( x ,  y ) .  
equa t ion  system (1 .5 )  a t  supersonic  v e l o c i t i e s  i s  of t h e  hyperbol ic  t ype .  
The equat ions  of  t h e  curves are of  t h e  form: 

The 

Here 9 i s  t h e  angle  of  i n c l i n a t i o n  o f  t h e  v e l o c i t y  v e c t o r  t o  a x i s  x .  

The d i f f e r e n t i a l  s t i p u l a t i o n  of consis tency (1.10)  on t h e  curve ec  may be 
i n t e g r a t e d  by means of  condi t ion  ( 1 . 7 ) .  W e  have 

(1.11) 

where A 3  i s  t h e  a r b i t r a r y  cons tan t  of i n t e g r a t i o n .  

The va lues  of t h e  func t ions  hll, h21 on ab ,  and h21, h22 on b c ,  de f inab le  

They def ine  t h e  funct ions hll, h21 i n  t h e  reg ion  abhla, and 

/lo31 
by formulas (1.6)¶ are i n i t i a l  d a t a  i n  the  s o l u t i o n  of  t h e  Cauchy problem for 
t h e  system (1.5). 
t h e  f u n c t i o n  h12, h22 i n  t h e  reg ion  bcf lb .  A result obta ined  i n  t h e  work [3] 
shows t h a t  t h e  e q u a l i t i e s  ( 1 . 6 )  are i n t e g r a l s  of t h e  system ( 1 . 5 )  and thus  
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def ine  t h e  func t ions  hli, h2 i  i n  t h e  regions i n d i c a t e d  above. 
i n t e g r a l s  f o r  hli , and h2 i  and t h e  condi t ions (1.11) , (1 .8)  we have 

Employing t h e  

(1.12)  
u - u tana = - ha, gvpu2 tan a = Ason flc, 

(1.13) 

(1.14) 

(1.15) 

E E h,, + uvp u - (h29 + u + A,) yvp ctn a = 0 on h,b, 

h2 =z - y'pu, 

k,, = - pvpu, h,, = - (u + A,) on ah,. 
h,, = - (u t. A,) on bf,, 

I 

The r e l a t i o n s  (1.12) were obta ined  by Yu. D. Shmyglevskiy [ 4 1  i n  an 
i n v e s t i g a t i o n  of t h e  v a r i a t i o n a l  problem i n  t h e  cons t ruc t ion  of  t h e  g e n e r a t r i x  
wi th  f i x e d  p o i n t s  b and c and wi th  t h e  f ixed  curve b f .  
A3 may be determined from t h e  value o f  the  gasdynamic parameters i n  t h e  po in t  
f l .  The s o l u t i o n  o f  t h e  G u r s  problem f o r  equat ions ( 1 . 5 )  according t o  t h e  
va lues  of h12 and h22 on t h e  curves b f l  and f le l  ( formulas  ( 1 . 1 4 )  and (1.11)) 
d e f i n e  h12 and h22 i n  t h e  reg ion  hlbflelh. 
from t h e  condi t ions  of  vanishing o f  t h e  func t ion  E i n  t h e  po in t  b on 
approaching t h e  po in t  b from t h e  s i d e  o f  t h e  w a l l  ab. 

The cons t an t s  A2 and 

The constant  X1 i s  determined 

The cond i t ion  (1.8) on t h e  segment hhl, t h e  formulas (1.11) and (1 .15 )  , 
Sqd t h e  va lues  obta ined  f o r  h12, h22 on the  segment h l e l ,  may be used t o  
determine t h e  f a c t o r s  h l i ,  h2 i  i n  t h e  region aelea. I f ,  fur thermore,  t h e  
func t ion  E on t h e  segment h b becomes zero and t h e  r e l a t i o n s  (1 .12)  are 
s a t i s f i e d  on t h e  curve flcy1then t h e  v a r i a t i o n  of  t h e  func t iona l  ( 1 . 4 )  on 
t h e  cons t ruc t ed  flow w i l l  vanish.  The following f a c t  should a l s o  be noted.  
The curve hb i s ,  gene ra l ly  speaking,  t h e  d i s c o n t i n u i t y  l i n e  f o r  t h e  Lagrangian 
m u l t i p l i e r s  which account f o r  t h e  d i f f e r e n t i a l  bonds (1.1). I n  t h i s  r e s p e c t ,  
t h e  book by N.  M. Gyunter [5] should b e  mentioned. For v a r i a t i o n a l  problems 
i n  gasdynamics t h i s  f a c t  w a s  f i r s t  ind ica t ed  by A. N.  Krayko [6]. 

The a n a l y s i s  performed f o r  t h e  condi t ions o f  s t a t i o n a r i t y  makes p o s s i b l e  
t h e  c o n s t r u c t i o n  of a s o l u t i o n  by means of t h e  i t e r a t i o n  process .  
p re sc r ibed  curve ae  t h e  poin t  e i s  f ixed ,  and, fur thermore,  t h e  angle  o f  
d e f l e c t i o n  of t h e  conf igura t ion  i n  t h e  poin t  b i s  a l s o  f ixed .  The i n t e r v a l  
from x, t o  xb i s  d iv ided  i n t o  N segments wi th  f i x e d  a b s c i s s a s ,  % ( n  = 0, 1, . . . ,N) . 
g e n e r a t r i x ,  i s  drawn through t h e  p o i n t s  a and b.  A s o l u t i o n  by t h e  
numerical  method of c h a r a c t e r i s t i c s  o f  t he  s t r eaml ine  problem of  t h e  g e n e r a t r i x  
ab provides  t h e  flow parameters i n  t h e  region abflea.  
t o  c a l c u l a t e  t h e  cons tan ts  A3 and A 2  i n  t he  po in t  fl. 
value  of  the  f a c t o r s  h12, h22 on t h e  curves elf 
s o l v i n g  t h e  Gurs problem by t h e  numerical metho& of c h a r a c t e r i s t i c s ,  t o  de t e r -  
mine t h e  f a c t o r s  i n  t h e  region hlbflelhl, t o  c a l c u l a t e  t h e  cons tan t  A 1 ,  and t o  
determine t h e  func t ion  E on t h e  curve hlb.  (x,) o f  
t h e  new g e n e r a t r i x  ab a r e  found by means o f  formula 

On t h e  

A g e n e r a t r i x  ab ,  which i s  t h e  i n i t i a l  approximation of  t h e  sought 

This makes it p o s s i b l e  
The knowledge o f  t h e  

and flb, makes it p o s s i b l e ,  by /lo32 

The angles  of  i n c l i n a t i o n  
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Figure  2 F igure  3 

f i r s t  fami ly  r e s u l t i n g  from t h e  poin t  of  t h e  g e n e r a t r i x  ab wi th  t h e  a b s c i s s a  
Xn, E i s  a random number, and 
def ines  t h e  condi t ions  f o r  t h e  new gene ra t r ix  t o  pass  through t h e  p o i n t s  
and b. 
t o  zero.  
wi th  a zero  flow ra te  value.  The g e n e r a t r i x  bc i s  found from t h e  s o l u t i o n  by 
t h e  numerical  method of  c h a r a c t e r i s t i c s  of t h e  Gurs problem according t o  t h e  
curves bf l  and flc which are now known. 

Here j i s  t h e  number o f  i t e r a t i o n s ,  S(xn)  i s  t h e  number o f  curves  of t h e  

I E 1 <.;$ .$!+I I is  t h e  parameter whtch 
a 

A f t e r  t h i s ,  t h e  curve flc i s  drawn from t h e  po in t  f l  t o  t h e  po in t  
The c a l c u l a t i o n s  may b e  repeated u n t i l  t h e  func t ion  E on hlb i s  equal  

c 

1 
/ 

/ ---- 

C 
I 

The cons t ruc t ed  conf igura t ion  ac i s  t h e  sought conf igu ra t ion  i f  t h e  
p re sc r ibed  p o i n t  c co inc ides  wi th  t h a t  obtained.  Two a r b i t r a r y  parameters  
( t h e  p o s i t i o n  of t h e  po in t  
d e f l e c t i o n  of  t h e  conf igura t ion  i n  t h e  point  
l i n e a r  problem. 

e on t h e  prescr ibed  curve ae and t h e  angle  of  
b )  m a k e  it p o s s i b l e  t o  so lve  t h e  

A s  an example, a c a l c u l a t i o n  i s  made of t h e  rear g e n e r a t r i c e s  of  minimum- 
drag  bodies  o f  r evo lu t ion .  The supersonic  incoming flow of  an i d e a l  gas wi th  
an a d i a b a t i c  curve index of x = 1 . 4  is  assumed t o  be unperturbed.  
and 3 show t h e  conf igura t ions  pass ing  through t h e  p re sc r ibed  p o i n t s  a ,  b ,  and 
c y  and wi th  a minimum drag  f o r  Mach numbers M, = 1 . 5  and M, = 2. 
l i n e s  r ep resen t  t h e  d i s t r i b u t i o n  along t h e  p re s su re  g e n e r a t r i c e s  p , r e l a t e d  t o  
p , d  . 

Figures  2 

The broken 

The va lues  of t h e  drag c o e f f i c i e n t s  cx are given i n  t h e  f i g u r e s .  

2 .  L e t  us examine t h e  problem of  t h e  determinat ion of  t h e  shape of  t h e  

Figure 4 shows one of t h e  p o s s i b l e  schemes o f  optimum 
g e n e r a t r i c e s  pas s ing  through t h e  f ixed  po in t s  a ,  b and c ,  d ,  and ensur ing  
minimum channel  drag.  
flow. The i n i t i a l  f low, p re sc r ibed  by t h e  curve ae, i s  considered t o  be 
i s e n t r o p i c  and n m v o r t i c a l .  
con f igu ra t ion  is bounded by t h e  gene ra t r i ce s  of t h e  channel,  t h e  p r e s c r i b e d  curve 
ae, and t h e  curves pass ing  through t h e  po in t s  c y  d ,  and b .  
flow reg ion  a f l f f2cea  r ep resen t s  t h e  region o f  t h e  i n t e r a c t i o n  o f  r a r e f a c t i o n  
waves genera ted  by t h e  de f l ec t ions  of t h e  s t ream l i n e s  i n  t h e  p o i n t s  a and 
c .  The reg ions  a b f l a  and cf dc represent  s teady  supersonic  flow. As  i n  t h e  
f i r s t  s e c t i o n ,  t h e  flow i n  t h e  region of in f luence  of  t h e  conf igu ra t ion  i s  
assumed t o  be i s e n t r o p i c .  Furthermore, it i s  assumed t h a t  w i t h i n  t h e  
pe rmis s ib l e  v a r i a t i o n  of t h e  channel gene ra t r i ce s  t h e  flow scheme remains such 

The reg ion  of i n f luence  o f  abfdcea of  t h e  sought 

I n  F igure  4, t h e  

2 
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as it i s  r ep resen ted  i n  Figure 4. 
a s o l u t i o n  t o  t h e  v a r i a t i o n a l  problem i n  minimum-drag channels.  The f u n c t i o n a l  
which desc r ibes  t h e  conf igura t ion  drag i s  w r i t t e n  as /lo33 

It w i l l  be  shown t h a t  t h i s  scheme may provide 

1 , 

Figure 4 

L e t  t h e  shape of t h e  p r o f i l e s  ab and cd,  r e s p e c t i v e l y ,  be  p r e s c r i b e d  by 
t h e  equat ions  x = '11 (y), x = r12 (y). The g e n e r a t r i c e s  ab  and cd should 
be t h e  stream l i n e s .  Hence, equat ions (1.3) are v a l i d  along them. 

L e t  us  formulate  t h e  fol lowing v a r i a t i o n a l  problem: i n  t h e  i n i t i a l  f low 
p resc r ibed  by t h e  curve ae t o  de f ine  t h e  gene ra t r i ce s  ab and cd ,  which pass  
through t h e  p re sc r ibed  p o i n t s  a ,  b and c ,  d and which r e a l i z e  t h e  extremum of  
t h e  f u n c t i o n a l  ( 2 . 1 )  wi th  t h e  d i f f e r e n t i a l  bonds (1.3) on ab and cd and t h e  
d i f f e r e n t i a l  bonds (1.1) , (1 .2 )  i n  t h e  region of i n f luence  of T .  

L e t  us d i v i d e  t h e  region of in f luence  o f  t h e  sought conf igu ra t ion  i n t o  

I n  composing 

The bonds t1.3) on t h e  g e n e r a t r i c e s  ab and cd 

four  subregions ,  and des igna te  T~ as t h e  subregion ab fa ,  '2 as t h e  subregion 
c fdc ,  ~3 as t h e  subregion a fca ,  and 'c4 as t h e  subregion acea.  
t h e  Lagrangian f u n c t i o n a l  To t h e  bonds (1.1) i n  t h e  subregions are ~i ( i  = 1, 
2 ,  3, 4 ) .  
by means o f  t h e  f o u r  groups.  

The Lagrangian m u l t i p l i e r s  h l -  (x, y ) ,  h2 i  (x, y) are accounted for 

are t aken  i n t o  account , r e s p e c t i v e l y ,  by means of  t h e  m u l t i p l i e r s  c1 ( y )  , c2(y) .  
Then . 

The c a l c u l a t i o n  of t h e  v a r i a t i o n s  of t h e  func t iona l  To i s  analogous t o  
t h e  c a l c u l a t i o n s  performed i n  Sec t ion  1. The condi t ions  of s t a t i o n a r i t y  are of 

7 



t h e  fol lowing form: i n  t h e  subregion ~i f o r  t h e  determinat ion of  t h e  f a c t o r s  
h l i ,  hZi t h e  equat ions (1 .5 )  are valid,  and i n  t h e  g e n e r a t r i c e s  ab and cd t h e  
formulas (1 .6 )  are obtained.  Fu r the r ,  we have 

Itl3 - Itll + (It23 - I t z l )  gvp ctn a = 0, onla. 
It,, - h,, + - /i2J gvp ctn a = 0, onca. 

h21 i n  t h e  reg ion  abf a ,  11 , 1 
t h e  i n t e g r a l s  of t h e  m u l t i p l i e r s  h 

of cons is tency  (1.9), (1.10) which were in t eg ra t ed  by means of t h e  w r i t t e n  out  
cond i t ions ,  i t  is  p o s s i b l e  t o  demonstrate t h a t  t h e  obta ined  condi t ions  of 
s t a t i o n a r i t y  w i l l  be  s a t i s f i e d  provided the  fol lowing r e l a t i o n s  are s a t i s f i e d :  

By employing t h e  i n t e g r a l s  of t h e  m u l t i p l i e r s  h 

i n  t h e  reg ion  cf dc. and the cond i t ions  1 2 '  h22 2 

~ 

u - u tan; a = - A,, yVpd tania = A, onf,b, 
1 u 4- v tan'a = - A,, r p ; 1  tanla = A, onf,d, 

where X1, X 3  and X 2 ,  A4 are a r b i t r a r y  constants  o f  i n t e g r a t i o n  de f inab le  from 
t h e  va lues  o f  t h e  gasdynamic parameters i n  t h e  p o i n t s  fl and f 2 ,  r e s p e c t i v e l y .  

The cons t ruc t ion  of  t h e  opt imal  channel i s  achieved as fo l lows:  t h e  flow 
f i e l d  i n  t h e  r eg ion  aflff2cea i s  cons t ruc ted  by t h e  numerical  method of  
c h a r a c t e r i s t i c s  on t h e  p re sc r ibed  curve ae and t h e  po in t  c .  By means o f  
formulas ( 2 . 2 )  and (2 .3 )  curves are p l o t t e d  from t h e  p o i n t s  fl and f2  t o  t h e  
p o i n t s  b and d wi th  a flow rate  va lue  of J, = 0 and J, = J,c. F u r t h e r ,  us ing  
t h e  known curves af 
so lv ing  t h e  Gurs p r s l e m .  
p o i n t s  f l  and f 2  i n  t h e  p e n c i l s  of r a r e f a c t i o n  make it p o s s i b l e ,  gene ra l ly  
speaking,  t o  p l o t  t h e  extrema1 curves flb and f2d t o  t h e  p re sc r ibed  p o i n t s  
and d. 

f lb,  and c f2 ,  f2d the  g e n e r a t r i c e s  ab and cd a r e  found by 
Four a r b i t r a r y  l i n e s  re la t ive  t o  t h e  p o s i t i o n  of  t h e  

b 

A s  an example, axisymmetric opt imal  channels were cons t ruc t ed  wi th  genera- 
t r i c e s  p a s s i n g  through t h e  p re sc r ibed  po in t s  a ,  b and c ,  d. The incoming 
supersonic  flow of an i d e a l  gas wi th  an ad iaba t i c  curve index of  rl = 1 . 4  was 
assumed t o  be unperturbed.  
Mach number M, = 1 .5 .  The broken l i n e s  represent  t h e  d i s t r i b u t i o n  along t h e  
p re s su re  gene . ra t r ices  p ,  r e l a t e d  t o  p,u: . 
cx are equal  t o :  
an area of a c ross  s e c t i o n  wi th  a r ad ius  y w a s  employed. 

Figures  5 and 6 show minimum-drag channels f o r  

The va lues  of  t h e  drag c o e f f i c i e n t s  
I n  c a l c u l a t i n g  cx cx = 0.1748 and cx = 0.2728, r e s p e c t i v e l y .  

a 

/ lo34  

a 
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The author  i s  g r a t e f u l  t o  Yu. D. Shmyglevskiy and A. V. S h i p i l i n  for 
constant  i n t e r e s t  i n  t h e  work. 
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